Abstract-Mid-infrared absorption spectroscopy is highly relevant for a wide range of sensing applications. In this letter, we demonstrate a Fourier-transform spectrometer chip based on the principle of spatial heterodyning implemented in the siliconon-insulator waveguide platform, and operating near 3.75-µm wavelength. The spectrometer comprises a waveguide splitting tree feeding to an array of 42 Mach-Zehnder interferometers with linearly increasing optical path length differences. A spectral retrieval algorithm based on calibration matrices is applied to the stationary output pattern of the array, compensating for any phase and amplitude errors arising from fabrication imperfections. A spectral resolution below 3 nm is experimentally demonstrated.
I. INTRODUCTION
T HE FIELD of mid-infrared spectroscopy has witnessed a recent burst of research activity, predominantly in biological, chemical, and gas sensing sectors. Its applications include environmental sensing [1] , breath analysis [2] and stand-off detection for security [3] , to name a few. Existing mid-infrared spectrometers are bulky, expensive, and rely on lengthy scans, which ultimately limits their applicability.
Group-IV material waveguide platforms have an excellent potential for developing compact and cheap integrated mid-infrared spectroscopy systems [4] . Silicon-oninsulator (SOI) has already shown promising performance for wavelengths up to 4 μm, with strip waveguide losses of 1.3 dB/cm at 3.8 μm [5] . Germanium-on-silicon rib waveguides, with a loss as low as 0.6 dB/cm at 3.8 μm [6] [7] , [8] , arrayed waveguide gratings (AWG) [9] , [10] and planar concave grating (PCG) [9] , [11] multiplexers have also been demonstrated in both platforms.
In this letter we demonstrate the first Fourier-transform (FT) SOI spectrometer chip operating in the mid-infrared. The device is based on the principle of spatial heterodyne spectroscopy (SHS) [12] in a planar waveguide configuration [13] . The spectrometer consists of an array of N Mach-Zehnder interferometers with linearly varying arm length differences, generating a stationary interferogram from which the input spectrum is recovered with FT-based techniques. The spectrometer chip builds upon a SHS configuration previously implemented in the near-infrared [14] , incorporating a novel design of waveguides and optical elements to address specific challenges in the mid-IR, including efficient coupling and power splitting structures, and maintaining robust performance over a substantially broader Free Spectral Range (FSR). SHS enables a multi-aperture configuration with a separate input for each MZI, increasing optical throughput (étendue) N times compared to conventional waveguide integrated spectrometer devices such as AWGs and PCGs that require a single mode input waveguide. This greater étendue could be advantageous in spectroscopic applications relying on light from spatially extended or incoherent sources, or on an array of sources.
II. DESIGN
In order to simplify testing, in this work we used a single input waveguide, followed by a splitting tree with several stages of cascaded −3dB splitters. This way the light is split into N waveguides, each feeding to a single 1 × 1 MZI. A grating coupler was used at each MZI output to monitor the interferometer transmission spectra. The maximum path length difference in the array ( L max ) and number of interferometers (N) determine the wavelength resolution (δλ) and FSR of the spectrometer:
where λ 0 is the device operational central wavelength and n g is the waveguide group index. We investigated two spectrometer layouts, both with L max = 1.383 mm and δλ = 2.8 nm. device (FTIR1), shown in Fig. 1a , comprises an array of 42 conventional 1 × 1 MZIs with straight arms (Fig. 1c) and has a footprint of 0.95 cm 2 . 1 × 2 MMIs are used in both the splitting tree and the MZIs. The second device (FTIR2), which is shown in Fig. 1b , is an array of 20 1 × 1 MZIs with microphotonic spirals in both MZI arms (Fig. 1d) and has a footprint of 0.57 cm 2 . Here Y-junction splitters and couplers were used in both the splitting tree and the MZIs. The longest spiral had an outer diameter of 340 μm. Both devices were optimized for the wavelength range 3715 -3800 nm. The nominal FSRs of FTIR1 and FTIR2 were 58.8 nm and 28 nm, respectively. Although both approaches are interchangeable in the devices under analysis, MMIs provide a greater fabrication tolerance and lesser insertion losses, while y-splitters present a broader bandwidth. FTIR2 has less interferometers than FTIR1 due to greater power-splitting losses and available optical power of the characterization setup. This limitation would nevertheless be circumvented in devices with multiple-aperture configurations [14] . MZIs in FTIR1 and FTIR2 present a similar footprint, but tightly coiled spiral arms would result in a more compact device for longer optical delays, at the cost of a small insertion loss penalty from waveguide bending.
SOI waveguides with nominal width (W) of 1350 nm, height (H) 400nm, etch depth (D) 220 nm, and Bend radii of 60 μm and 40 μm were used in the FTIR1 and FTIR2 designs, respectively. We have previously investigated the performance of the waveguides and coupling structure in this wavelength range [7] .
We designed grating couplers for efficient coupling to and from the chip, using rectangular nanohole sub-wavelength (SWG) gratings, as first proposed by Halir et al. [15] and experimentally demonstrated in [16] and [17] . The SWG holes were designed for a 400 nm etch through the Si layer down to the BOX. In the direction parallel to waveguide light propagation the grating had a period ( x ) of 2.09 μm and fill factor ( f x ) of 0.35, and in the perpendicular direction it had a period y 1 μm and a fill factor ( f y ) 0.5. The coupler was designed using 2D Finite-Difference Time-Domain (FDTD) simulations in RSoft software. A SEM image of a fabricated grating coupler is shown in fig. 2 , with labelled dimensions shown in the inset.
III. EXPERIMENT AND RESULTS
The devices were fabricated in two patterning and etch steps. First, a deep etch (400 nm) was used to form the grating coupler holes, and it was followed by a shallow (220 nm) etch for the interconnecting waveguides. For both steps, e-beam lithography using ZEP e-beam resist was used for pattern definition and the pattern was transferred to the silicon by inductively coupled plasma (ICP) etching.
A mid-IR setup comprising a tunable quantum cascade laser (transmission range 3715 -3890 nm), an InSb detector, and fluoride fibers for coupling light between the laser, chip and detector, was used for all optical characterization measurements. The setup has been described in detail in [7] and [18] . To obtain the spatial interferogram, the transmission spectrum of each MZI output was measured independently. A Peltier stage was used for temperature stabilization to ±0.2°K throughout the measurements.
The waveguide propagation loss was determined as 8.8 ± 0.5 dB/cm. This loss is larger than previously reported losses for the same waveguide dimensions [7] , which is due to a fabrication related issue in this specific run. MZI insertion losses were characterized by comparison with normalization structures with the same power-splitting trees. The straightarm MZIs had insertion losses of 1.5 -3.5 dB, whereas y-junctions proved to be too sensitive to fabrication variations to provide accurate references. We also characterized the wavelength sensitivity of the MZIs to thermal variations by measuring transmission spectra of a few MZIs at different temperature settings, which was controlled using the Peltier stage. The temperature induced shift in MZI fringes was found to be 180 pm/°K. Spectral responses of the grating couplers did not vary substantially between devices.
The measured transmittance spectra for all the MachZehnder interferometers in the array (FTIR1) are shown in Fig. 3 . A 2 dB extinction ratio variation due to MZI losses is observed along the array. Phase and amplitude deviations from the theoretical sinusoidal function of each MZI are caused by fabrication imperfections, propagation losses, uneven power-splitting and grating coupler spectral dependence. Similar deviations from the ideal response are found for FTIR2. All these interferogram distortions are numerically compensated in the spectral retrieval algorithm, by incorporating the calibrated transmittance spectra into a transformation matrix T . The input spectrum B of any arbitrary input signal is then retrieved by multiplying the interferogram I by the pseudoinverse of the transfer matrix T [14] . Figure 4 presents the experimentally retrieved spectra of a monochromatic input at several wavelengths along the FSR of both devices. Each line is retrieved with a resolution of 2.7 nm for FTIR1 and 2.9 nm for FTIR 2, measured at the full width at half-maximum (FWHM), presenting a good agreement with the theoretically predicted values. FSR of each device is measured to be 57 nm and 29 nm, in accordance with Eq. 2. Noise levels in the retrieved spectra are mainly caused by limitations of the experimental setup and the retrieval algorithm.
IV. SUMMARY
In summary, we have demonstrated the first Fourier transform spatial heterodyne spectrometer chip in the mid- infrared. The spectral range of these spectrometers can readily be adapted to work at any wavelength range where SOI waveguides have low loss (i.e. λ < ∼4 μm) by reoptimizing waveguide design, enabling diverse applications in environmental sensing, breath analysis or stand-off detection for security. The design is inherently flexible, given that the resolution and FSR of the spectrometer can be increased by changing the path length differences and number of the MZIs, while its sensitivity is only limited by the resulting fringe visibility and the thermal stability of the device. Two alternative implementations for power-splitting and optical delays have been demonstrated, adding to the versatility of the spectrometer for diverse applications. MMIs provide reduced insertion losses in devices with a high number of interferometers, whereas y-junctions can operate over broader wavelength ranges. MZIs with spiral arms provide a more compact footprint for large resolutions. Furthermore, this approach should work equally well in other MIR waveguide platforms. Device operation could be improved by simultaneous monitoring of all of the spectrometer outputs with a MIR camera or, in an ideal future device, on-chip integrated detectors.
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